Despite the strong association between impulsivity and addiction in humans, it is still a matter of debate whether impulsive choice predisposes to, or results from, drug dependence. Furthermore, it is unknown whether treating impulsivity can protect against relapse propensity. Therefore, this study explored the bidirectional relationship between impulsive choice and cocaine taking and seeking in rat behavioral models. In experiment 1, to determine whether impulsive choice predisposes to cocaine taking or seeking, rats were selected based on trait impulsivity in a delayed reward task and subsequently compared on various stages of cocaine self-administration (SA). To examine the consequence of cocaine intake on impulsive choice, impulsivity was monitored once a week throughout various stages of cocaine SA. To determine whether treating impulsive choice can protect against relapse propensity, in experiment 2, impulsive choice was manipulated by pharmacological interventions and cocaine-associated contextual cues. Trait impulsive choice as determined in experiment 1 predicted high extinction resistance and enhanced propensity to context-induced relapse in the cocaine SA model, whereas cocaine intake did not alter impulsive choice. Furthermore, acute changes in impulsive choice were not related to rates of context-induced relapse. Taken together, the current data indicate that trait impulsive choice predicts persistent cocaine seeking during extinction and enhanced propensity to relapse, whereas acute manipulations of impulsive choice had no favorable outcomes on relapse measures. These observations suggest that trait impulsivity can be used as a predictive factor for addiction liability, but treating this impulsivity does not necessarily protect against relapse.
INTRODUCTION
There is a broad consensus that drug dependence and impulsivity are closely related, although whether impulsivity precedes or results from chronic drug use is difficult to dissect from existing clinical data (De Wit, 2009; Setlow et al, 2009; Winstanley et al, 2010 ). An important implication of the hypothesis that impulsivity predisposes to drug dependence (Jentsch and Taylor, 1999; Winstanley et al, 2010) is that pharmacotherapies ameliorating impulsivity might be a promising treatment strategy in drug dependence. In this study, we aim to (1) gain further insights into the interrelationship between cocaine seeking and trait impulsivity and (2) explore whether manipulation of impulsivity through pharmacological treatment can affect relapse to cocaine seeking. Impulsivity, although widely viewed as action without foresight, is multifaceted in nature and consists of distinct behavioral modalities. Thus, impulsive behavior might arise from deficient inhibitory response control (impulsive action) and/or from difficulties evaluating long-term behavioral consequences and delay aversion (impulsive choice) (for reviews, see Evenden (1999) and Winstanley et al (2006) ). Prospective human studies have revealed that deficient inhibitory response control during childhood predicts alcohol and illicit drug use later in life Tarter et al, 2003; Wong et al, 2006) , and that trait impulsivity predicts stimulant abuse (Ersche et al, 2010) and treatment outcome in a smoking cessation program (Krishnan-Sarin et al, 2007) . Interestingly, preclinical animal studies have indicated that pre-existing levels of impulsive action mainly predict volitional cocaine (Belin et al, 2008; Dalley et al, 2007) and nicotine consumption (Diergaarde et al, 2008) , whereas impulsive choice may predict persistent drug seeking during extinction and the enhanced vulnerability to reinstate drug seeking (Diergaarde et al, 2008; . From a clinical perspective, treatment interventions that maintain abstinence and prevent relapse are most relevant; therefore, this study focused on trait impulsive choice.
Until now, most preclinical studies on the relationship between impulsivity and drug addiction have either focused on drug self-administration (SA) after establishment of baseline impulsivity levels or on impulsivity levels after drug administration (for reviews, see , Setlow et al (2009) , and Winstanley et al (2010) ). Only a few studies have determined impulsivity levels at various stages of volitional drug SA (Dalley et al, 2005a, b; Diergaarde et al, 2008; Gipson and Bardo, 2009; Winstanley et al, 2009) . Taken together, these studies revealed that trait impulsivity may predict drug taking and/or seeking and that (passive) drug intake can (transiently) increase impulsive behavior. Thus far, only a single study has monitored impulsive action levels throughout cocainetaking and cocaine-seeking episodes (Winstanley et al, 2009) , and whether impulsive choice is affected during episodes of cocaine SA has not been examined before. To address whether impulsive choice represents a risk factor for cocaine taking or seeking, we characterized rats as high or low in trait impulsive choice using a delayed reward paradigm and subsequently subjected these individuals to volitional cocaine SA, extinction, and reinstatement. To assess whether impulsive choice changed during cocaine SA, impulsivity levels were continuously monitored throughout the course of cocaine taking and seeking.
From a clinical and therapeutic perspective, the critical question arises as to whether elevated impulsivity can be reduced to promote and support abstinence and reduce the propensity to relapse in drug-dependent individuals. In this respect, previous studies have demonstrated beneficial effects of the clinically used norepinephrine transporter inhibitor atomoxetine on impulsivity (Blondeau and Dellu-Hagedorn, 2007; Chamberlain et al, 2007; Paterson et al, 2011; Robinson et al, 2008) and drug taking or seeking (Economidou et al, 2011; Wilens et al, 2008) , supporting this notion. Nonetheless, it remains unclear whether the observed attenuation in drug seeking is actually related to the reduction in impulsivity. This study further explored this interrelationship by pharmacologically manipulating both impulsive choice and context-induced reinstatement. First, impulsive choice was either reduced with the clinically relevant drug methylphenidate or increased with the dopamine D1 receptor antagonist SCH-23390 as shown previously (eg, van Gaalen et al, 2006b) , and subsequently, these drug effects were assessed on context-induced reinstatement within the same individuals. Second, as drug-associated contextual stimuli are very powerful in reinstating drug seeking, we determined whether exposure to cocaine-associated contextual stimuli would affect impulsive choice. Collectively, these manipulations might provide further insights into the directionality of the relationship between impulsive-choice cocaine-seeking behavior.
MATERIALS AND METHODS

General Procedures
Animals. Male Wistar rats (Harlan, Horst, The Netherlands), initially weighing 240-270 g, were housed in standard Macrolon cages on a reversed 12-h day/night cycle (lights on at 1900 hours) in a temperature (21 ± 21C)-and humidity (50±10%)-controlled room. Rats were housed in pairs until surgery, and individually afterwards. Behavioral testing was conducted during the dark phase of the day/night cycle. During the entire experiment, rats were food restricted, and maintained at about 85-90% of their free-feeding weight, by providing them with 14-18 g of chow at the end of each day. Water was available ad libitum. Experiments were approved by the Animal Care Committee of the Free University of Amsterdam (The Netherlands).
Delayed reward task. Detailed descriptions of apparatus and training procedures were provided previously (van Gaalen et al, 2006b ) and in Supplementary Methods. In brief, during the final stages of training, a session was divided into 5 blocks of 12 trials; each block started with 2 forced choice trials. Each rat received a left forced and a right forced trial. The order of these was counterbalanced between subjects. In the next 10 trials, animals had a free choice and both the left and right units were illuminated. Poking into one position resulted in immediate delivery of a small reinforcer (one food pellet), whereas a nose poke into the other position resulted in delivery of a large, but delayed, reinforcer (four food pellets). If an animal did not make a response during this choice phase within 10 s, an intertrial interval was initiated and the trial was counted as an omission. The position associated with the small and large reinforcers was always the same for each individual, and counterbalanced for the group of rats. Delays for the large reinforcer progressively increased within a session per block of 12 trials as follows: 0, 5, 10, 20 and 40 s. Responding into non-illuminated units during the test was recorded, but had no further programmed consequences. The behavioral measure to assess task performance, ie, the percentage preference for the large reinforcer as a function of delay, was calculated as the number of choices for the large reinforcer/(number choices large + small reinforcers) Â 100. Furthermore, we calculated the number of omitted choice trials per block of 10 trials within a session and the indifference point. This indifference point, defines the delay at which animals have a 50% preference for the large reward and was based on the equation proposed by Mazur (1987) , where preference big reward ¼ preference at delay 0/(1 + k Â delay), and parameter k represents the steepness of the discounting curve.
Cocaine SA. Rats were prepared for i.v. catheter surgery by providing ad libitum access to food for at least 3 days before surgery. Intravenous silicon catheters (outer diameter: 0.78 mm, inner diameter: 0.5 mm) were surgically implanted in the right jugular vein under gas anesthesia (isoflurane). The catheter was secured to the vein with two sutures and passed subcutaneously to the top of the skull. The distal end of the catheter was attached to a connector pedestal (Plastics One, Dusseldorf, Germany) anchored to the skull using four surgical screws and dental cement. Rats received 0.5 ml/kg of the analgesic Ketofen (1%; Merial) and 0.3 ml/kg of the antibiotic Baytril (2.5%; Bayer) at the end of surgery. Catheter patency was maintained by daily infusion of 0.1 ml of sterile saline solution containing heparin (47.5 IU/ml) and gentamicin (0.08 mg/ml). After surgery, Impulsive choice predicts cocaine seeking N Broos et al animals were housed individually and had ad libitum access to food for at least 5 days before retraining in the DRT. Training of rats occurred in 32 rat two-lever operant chambers (Med Associates, St Albans, VT, USA). All chambers were equipped with a red house light, a white noise generator (ENV-225SM, Med Associates), and a liquid swivel connecting rats to an infusion pump (PHM-100, Med Associates, total volume of 42.52 ml delivered over 2 s). Rats were randomly assigned to one of two different contexts used for either cocaine or saline SA. These contexts differed in (1) white noise (70 dB), either continuous or interval (5 s on, 5 s off), (2) odor, either lemon-scented or almondscented, and (3) the chamber floor, a flat PVC surface with either holes or straight grooves. The cocaine-taking and cocaine-seeking paradigm included the following stages:
SA, FR1: Acquisition of cocaine (Cocaine-HCl, OPG, Utrecht, The Netherlands) and saline responding occurred according to a fixed ratio 1 schedule of reinforcement. In daily 3-h sessions, active lever presses resulted in an infusion of sterile saline or cocaine. Rats received 250 mg/kg per infusion of cocaine during the first 5 sessions, followed by 500 mg/kg per infusion for the remaining sessions. To prevent overdosing in inexperienced rats, the maximum number of rewards was set at 40 for the first three and at 100 for the next two sessions. After this, animals could earn an unlimited number of infusions. There was a non-signaled time out of 15 s after every infusion. Inactive lever presses were registered, but without consequences.
Dose-response curve: On three consecutive days, rats received two 1-h sessions per day (with 1 h in between) on a fixed ratio 1 schedule (adapted from Dalley et al (2007) ). The sensitivity to respond for cocaine was determined over these 6 sessions, in a descending dose order in all rats with doses of 500, 250, 125, 62.5, 31.25 and 15.625 mg/kg cocaine. Sterile saline infusions were unchanged for all sessions.
Progressive ratio: The motivation to self-administer cocaine was determined in three identical sessions on three consecutive days (only the last two days were used for analysis). Sessions ended after 4 h or after 1 h without earning a reward, whichever occurred first. The number of active responses leading to one infusion was increased along the following equation: response ratio ¼ 5 Â e (0.2 Â infusion number) À5, rounded to the nearest integer.
Extinction: Extinction training consisted of daily, 1-h sessions in a neutral context. The house light was illuminated, but there was no odor induced, white noise was absent, and there was a grid floor. Active and inactive responses were registered, but without consequences.
Context-induced reinstatement:
Context-induced reinstatement was performed by reintroduction of the cocaineor saline-associated context into the operant chamber (white noise, odor, and PVC floor). During the 30-min session, active and inactive responses were registered, but without consequences.
Context extinction:
Conditions were similar to those used during the context-induced reinstatement test, with the only exception that sessions lasted 1 h per day. In this phase, differences in extinction responding in the cocaine context are determined and this precedes cocaineand stress-induced reinstatement tests. Previous work has indicated that cocaine-and stress-induced reinstatement is more robust in the presence of previously extinguished drug-associated cues. All lever responses were registered, but without consequences.
Cocaine-induced reinstatement: Cocaine-induced reinstatement was performed under context extinction conditions, but lasted 30 min per session. Twenty minutes before the test, all rats received intraperitoneal injections of saline (1 ml/kg) on the first test day and cocaine (10 mg/kg) on the next test day.
Stress-induced reinstatement: After five additional context extinction sessions, a stress-induced reinstatement test was performed. In a 30-min session, under context extinction conditions, stress was induced with the a2-adrenoceptor antagonist yohimbine (1.25 mg/kg, yohimbine-HCl, Sigma, St Louis, MI), which has previously been shown to provoke similar effects as foot shock-induced stress (Shepard et al, 2004) . Rats were first injected with sterile water (1 ml/kg) and the next day with yohimbine (1.25 mg/kg) 45 min before testing.
Experiment 1: Risk Factor or Consequence
Experiment 1 was performed to determine whether impulsive choice predisposes or results from cocaine taking and seeking. For this purpose, 96 rats were trained in the DRT ( Figure 1a ). Upon stable baseline performance, upper (high impulsive, HI) and lower (low impulsive, LI) quartiles Impulsive choice predicts cocaine seeking N Broos et al were selected based on their indifference points and equipped with jugular catheters. After re-establishment of stable DRT performance, rats were subjected to all of the above-mentioned behavioral stages of drug taking and seeking. Half of the rats were trained to self-administer cocaine (14 HI and 14 LI) and the other half saline (12 HI and 12 LI) according to the following schedule: SA on FR1 schedule (13 sessions), dose-response curve, progressive ratio, extinction (16 sessions), context-induced reinstatement, context extinction (14 sessions), cocaineand stress-induced reinstatement. To determine the consequence of cocaine intake on impulsivity, rats were tested once weekly in the DRT during the entire course of cocaine or saline taking and seeking. Two LI animals did not complete the experiment (one because of catheter failure and one because of disturbed DRT behavior after surgery), and were therefore excluded from all analyses.
Experiment 2: Treatment Potential
This experiment was designed to explore the treatment potential of impulsivity as a risk factor for relapse. To that end, we compared manipulations of impulsive choice and context-induced reinstatement in the same animals using a counterbalanced within subjects design. As this experiment involved correlation analyses, no pre-selection on high and low impulsivity was performed. A new cohort of 32 rats was trained in the DRT (Figure 1b ) and upon stable baseline performance equipped with jugular catheters. Upon re-establishment of stable DRT performance, all rats were trained to self-administer cocaine and saline in different contexts. To strengthen differentiation between the cocaine and saline context, saline SA started after rats showed a clear preference for the active lever on cocaine SA (seven sessions). Rats were then trained to self-administer 0.9% physiological saline in the mornings, along with cocaine in the afternoon (12 days). Upon stable drug intake, the effect of the cocaine-and the saline-associated context on impulsive choice was measured (DRT context test). In this test, the cocaine and saline contextual cues (white noise, odor and grid floor) were introduced into the DRT operant chamber. Each animal was tested under the cocaine and saline context in a counterbalanced design. After this, all rats were subjected to a 15-day extinction period (2 sessions per day) in a neutral context, followed by another DRT context test. Hereafter, context-induced reinstatement tests were performed 10 min after subcutaneous injections of either saline or SCH-23390 (R( + )-SCH-23390 HCl, Sigma, 10 mg/kg) in the cocaine SA context in a counterbalanced, within-subjects manner. In between reinstatement tests lapsed 1 week of further extinction training. During the next 3 weeks, the effects of SCH-23390 and the monoamine transporter inhibitor methylphenidate (0.5 and 1.0 mg/kg intraperitoneal) on impulsive choice were tested. This was followed by the final context-induced reinstatement tests, 10 min after intraperitoneal injections of saline or methylphenidate (1 mg/kg) in the cocaine SA context, performed in a counterbalanced, within-subjects manner. In between both context-induced reinstatement tests lapsed 1 week of context extinction. During the entire cocaine SA paradigm, rats were trained in the DRT once weekly. In total, eight animals did not complete the experiment (two because of instable DRT performance, four because of catheter failure, and two because of disturbed DRT behavior following the cocaine SA protocol) and were therefore excluded from all analyses.
Statistical Analyses
Data were analyzed using repeated-measures analysis of variance (ANOVA) and were adjusted for violation of homogeneity of variances using Huyn-Feldt e. For SA data, sessions and lever (active vs inactive) served as withinsubjects variables. The SA drug (saline or cocaine) served as between-subjects factor in experiment 1 and as withinsubjects variable in experiment 2. Moreover, in experiment 1, the pre-existing level of impulsivity was an additional between-subjects factor. Dependent variables were the number of active and inactive responses. For the DRT data, dependent variables were preference for the large reward, and number of omitted choice trials, and within-subjects variables were delay to the large reward and drug treatment. Only for experiment 1, the between-subjects factor impulsivity (high vs low) was included. Pearson's correlation analyses were used to test whether reactivity to the SA-associated context and drug challenges in the DRT (SCH-23390 and methylphenidate) related to reactivity in reinstatement tests. Data were analyzed using the Statistical Package for the Social Sciences version 15.0 (SPSS, Chicago, IL, USA), and the significance level was set at po0.05.
RESULTS
Experiment 1: Trait Impulsivity and Cocaine Seeking
Impulsive choice throughout distinct stages of cocaine taking and seeking. Selection of HI and LI animals was based on indifference points and occurred following stable baseline levels of impulsive choice, which took 28 sessions in the final training stage. The pre-existing indifference point of HI rats (12.6 ± 1.7 s) was lower than that of LI rats (44.9±3.9 s) (impulsivity: F(1, 49) ¼ 59.2, po0.001), with no difference between cocaine and saline SA groups. Moreover, groups did not differ in terms of the number of omissions (HI: 2.0 ± 0.6 and LI: 1.9 ± 0.4 per block of 10 trials) during the choice phase.
During the entire SA procedure, indifference points remained constant (Figure 2a) . HI rats had lower indifference points than did LI rats (impulsivity: F(1, 34) ¼ 17.18, po0.001) with no difference between cocaine and saline SA subgroups. Stable levels of impulsive choice (0.90) and omissions (0.79) were confirmed by high test-retest reliability (Cronbach's a) over all 10 sessions. Further in-depth analysis of cocaine SA animals revealed that indifference points of LI animals taking on average 430 mg/kg per session (n ¼ 8), decreased (reflecting an increase in impulsivity) during SA, which returned to baseline during extinction (session: F(11, 77) ¼ 6.13, po0.001)). These animals also omitted fewer trials during cocaine SA and extinction (omissions: F(1, 10) ¼ 9.71, po0.05). Conversely, both indifference points and omissions of HI animals remained stable during the course of the experiment. In all animals, HI and LI, impulsive choice levels at the end of the experiment were not different from the pre-existing levels.
Trait impulsive choice predicts cocaine seeking. As the saline SA control group did not show a preference for the active lever, and inactive responding remained constant over the entire experiment in both groups, these results were not presented. Over the first five acquisition sessions, active lever responding for cocaine increased (Supplementary Figure 3a , session: F(5, 125) ¼ 17.89, po0.001, e ¼ 0.4), but there was no difference between HI and LI rats. After acquisition, cocaine intake was stable over the eight unlimited cocaine-taking sessions and equal for LI and HI rats. The dose-response curve for cocaine followed an inverted U shape (session: F(5, 125) ¼ 28.68, po0.001, e ¼ 0.7), but there was no difference between HI and LI rats (Supplementary Figure 3b) . During the progressive ratio sessions, HI (1206 ± 235) and LI rats (827 ± 208) made a comparable amount of active lever responses for cocaine (Supplementary Figure 3c) .
HI rats showed a stronger resistance to extinction of cocaine seeking than did LI rats (Figure 3a , session*impulsivity: F(15, 375) ¼ 3.63, po0.05, e ¼ 0.3). Nonetheless, both in HI (F(15, 195) ¼ 9.18, po0.001) and in LI (F(15, 180) ¼ 3.67, po0.001), animals active lever responding decreased over the course of extinction sessions. After extinction, re-exposure to the cocaine-associated context induced an increase in active responding in both HI (F(1, 11) ¼ 45.56, po0.001) and LI (F(1, 10) ¼ 26.41, po0.001) animals. Nonetheless, the context-induced reinstatement response was stronger in HI than in LI rats (see Figure 3b , session* impulsivity: F(1, 21) ¼ 9.59, po0.05). The difference between HI and LI animals was evident within the first 5 min of the reinstatement test (impulsivity: F(1, 22) ¼ 7.22, po0.05), implying that this effect is not caused by differences in extinction resistance, but by higher cue reactivity in the HI group. Similar to the extinction phase described earlier, during context-extinction sessions, active lever responding extinguished (Supplementary Figure 3d , session: F(13, 325) ¼ 34.06, po0.001), with HI animals showing more active lever responses than LI animals (impulsivity: F(1, 25) ¼ 5.21, po0.05). HI and LI rats showed a comparable drug-induced reinstatement response to the cocaine prime (10 mg/kg), compared with the saline injection ( Figure 3c , session: F(1, 25) ¼ 37.85, po0.001). In addition, the stress-induced reinstatement response to the pharmacological challenge with the preferential a2-adrenoceptor antagonist yohimbine (1.25 mg/kg) was also similar for HI and LI rats ( Figure 3d , session: F(1, 25) ¼ 10.50, po0.05).
Experiment 2: Transient Changes in Impulsivity and Cocaine Seeking
Cocaine SA paradigm. During the first seven cocaine SA sessions, rats developed a preference for the active lever (session*lever: F(6, 72) ¼ 4.64, po0.05, e ¼ 0.6). The following 12 days, rats self-administered both cocaine and saline and showed a preference for cocaine (Supplementary Figure 4a , session*drug: F(11, 187) ¼ 7.61, po0.001). During the extinction phase, both the ratio of active-to-inactive lever responses (session*lever: F(14, 350) ¼ 5.59, po0.001, e ¼ 0.6), and responding for cocaine to saline (session*drug: F(14, 350) ¼ 4.03, po0.001, e ¼ 0.6) decreased within 16 sessions (Supplementary Figure 4b) . After extinction, cocaine seeking was reinstated by the cocaine-associated context (session: F(1, 23) ¼ 43.40, po0.001). Furthermore, as shown in Figure 4 , reinstatement of cocaine seeking was attenuated by the preferential dopamine D1 receptor antagonist SCH-23390 (treatment: F(1, 23) ¼ 23.59, po0.001), whereas the monoamine transporter inhibitor methylphenidate potentiated reinstatement of cocaine-seeking behavior (treatment: F(1, 23) ¼ 27.33, po0.001).
Impulsive choice throughout cocaine SA and extinction. Impulsive choice during distinct phases of cocaine taking and seeking. Indifference points remained stable over weekly DRT sessions (a), with a high test-retest reliability (Cronbach's a: 0.9). High-impulsive (HI) animals remained more impulsive than low-impulsive (LI) animals and there was no overall group difference between cocaine and saline SA. **po0.001 LI vs HI animals. Within the cocaine SA animals (b), depending on the intake impulsive choice transiently changed in subgroups of rats and in particular LI animals with high intake (on average 430 mg/kg per session) became more impulsive compared with LI low-intake animals (intake, within LI group: # po0.05).
Impulsive choice predicts cocaine seeking N Broos et al F(8, 148) ¼ 2.80, po0.05). Moreover, methylphenidate decreased the number of omissions (treatment: F(2, 46) ¼ 3.41, po0.05) and this occurred only at the low dose. In the DRT, exposure to the cocaine-associated context strongly enhanced the number of omissions in a subgroup of n ¼ 7 animals (in comparison with the salineassociated context). As no reliable delay discounting curve could be determined in these animals, they were excluded from further analyses. The remaining 17 animals displayed equal amounts of omissions in both contexts (cocaine: 15 ± 2.8%, saline 16 ± 0.3%). In these 17 animals, impulsive choice was decreased in the cocaine context than in the saline context ( Figure 5c , context: F(4, 60) ¼ 3.40, po0.05). These effects of cocaine-associated contextual cues on impulsive choice and omissions were observed on the first days of abstinence, but not in a second test, which was performed after 3 weeks of extinction training.
Correlation analyses of transient changes in impulsivity as predictors of context-induced reinstatement of cocaine seeking. As described above, the cocaine-associated context induced reinstatement of cocaine seeking and at the same time decreased impulsive choice in the DRT. Importantly, these effects on cocaine seeking and impulsive choice were not correlated (R ¼ 0.30, NS). Similarly, although acute drug challenges with methylphenidate decreased impulsive choice, this same manipulation potentiated context-induced reinstatement. Notably, these drug effects were also not correlated (R ¼ 0.22, NS). Opposite to the effects of methylphenidate, drug challenges with SCH-23390 increased impulsive choice and decreased context-induced reinstatement with no correlation between these drug effects (R ¼ 0.15, NS).
DISCUSSION
This study examined the direction of the relationship between impulsive choice and the propensity to take and seek cocaine. These experiments revealed that trait levels of impulsive choice predict both resistance to extinction and vulnerability to context-induced relapse to cocaine seeking. In contrast, cocaine intake patterns, including the sensitivity and motivation to self-administer cocaine, as well as drug-or 'stress'-induced relapse were not related to trait impulsive choice. Vice versa, daily SA of cocaine marginally and transiently increased impulsive choice under drug-free conditions, whereas exposure to the cocaine-associated context cues surprisingly reduced impulsive choice. Interestingly, pharmacological manipulation of impulsive choice by the dopamine D1 receptor antagonist SCH-23390 or the monoamine transporter inhibitor methylphenidate did not predict corresponding changes in the propensity to contextinduced relapse.
Trait Impulsive Choice Predicts Cocaine Seeking
The pre-existing level of impulsive choice predicted resistance to extinction of cocaine seeking. Thus, compared with LI animals, HI rats displayed prolonged cocaine seeking both during extinction in a neutral context and in the cocaine-associated context. When responding was fully Figure 3 Extinction (a) and reinstatement (b-d) of cocaine seeking in experiment 1. During extinction (panel a), high-impulsive (HI) rats were more resistant to extinction than were low-impulsive (LI) rats (session*impulsivity: # po0.05). However, in both HI and LI animals, active lever responding decreased over sessions (session: **po0.001). Both HI and LI animals showed a context-induced reinstatement response (session: **po0.001) and this was stronger in HI than in LI animals (panel b, session*impulsivity: # po0.05). Both cocaine (panel c, 10 mg/kg) and yohimbine (panel d, 1.25 mg/kg) induced reinstatement of cocaine seeking, but these effects did not differ between HI and LI animals (session: *po0.05, **po0.001). Impulsive choice predicts cocaine seeking N Broos et al extinguished in both groups, context-induced relapse to cocaine seeking was much more pronounced in HI animals. These observations are strikingly similar to those obtained in HI and LI animals after nicotine SA (Diergaarde et al, 2008) . In that study, nicotine cues consisted of light-tone combinations directly paired with drug infusion (discrete cues). In this study, we show that enhanced propensity to relapse in HI animals is observed after re-exposure to the cocaine-associated context. Therefore, high levels of impulsive choice relate to an enhanced sensitivity to stimulant-paired discrete and contextual cues to drive relapse. Nonetheless, in contrast to these observations, recent work indicates that impulsive choice does not predict different aspects of heroin taking and seeking (Schippers et al, 2011) . Thus, these discrepant findings suggest that, impulsive choice does not predict the sensitivity to rewardrelated cues in general, but rather selectively predicts sensitivity to stimulant-related drug-paired cues. Trait impulsive choice did not predict the sensitivity to 'stress'-induced reinstatement of cocaine seeking as assessed upon a drug challenge with the preferential a2-adrenoceptor antagonist yohimbine (Shepard et al, 2004) . Although it should be noted that only a single dose of yohimbine was used, the differential effects on contextvs stress-induced reinstatement observed here are consistent with the idea that the neurocircuitry mediating these processes (partially) differ. Thus, although there appears to be a final common pathway involved in relapse behavior (prefrontal accumbens), stress-induced, unlike contextinduced cocaine seeking, depends on the integrity of the bed nucleus of stria terminalis. On the other hand, the hippocampus and basolateral amygdala have a more important role in context-induced reinstatement (for reviews, see Bossert et al (2005) and Shaham et al (2003) ).
Reinstatement induced by a cocaine-priming injection was not different between HI and LI animals. Although we only tested a single dose, these data are in agreement with the study by , showing that HI female, but not male rats, displayed more robust cocaine-induced reinstatement (although only for the highest, 15 mg/kg, dose of cocaine). Taken together, these data indicate that the sensitivity to cocaine-induced relapse is not influenced by premorbid impulsivity levels, but that gender differences are an important consideration in this assessment. It is possible that, similar to stress-induced reinstatement, the observed differential effects of context-and drug-induced reinstatement in HI rats are explained by the underlying neural circuits. The prefrontal accumbens pathway is considered as the final common pathway involved in all forms of reinstatement, but the ventral pallidum, seems to be specifically involved in drug-induced reinstatement (for reviews, see Bossert et al (2005) and Shaham et al (2003) ).
This divergence in neurocircuitry might help to explain the specific relationship between impulsive choice and context-induced reinstatement, as both of these behaviors are, at least in part, dependent on the integrity of the hippocampus (Cheung and Cardinal, 2005; Fuchs et al, 2005) and the basolateral amygdala (Park et al, 2002; Winstanley et al, 2004) . Moreover, the basolateral amygdala also has an important role in regulating extinction of cocaine seeking (Fuchs et al, 2006) , on which HI and LI animals also differed in this study and previously regarding nicotine seeking (Diergaarde et al, 2008) .
Trait Impulsive Choice does not Predict Measures of Cocaine Taking
Trait impulsive choice did not predict cocaine intake, the sensitivity to cocaine, or the motivation to work for cocaine under a progressive ratio schedule. This is largely in line with previous observations in male and female rats, demonstrating no profound predictive potential of impulsive choice on cocaine intake during continuous and progressive ratio reinforcement schedules (Anker et al, 2009; .
Interestingly, some earlier studies have shown that a different form of impulsivity, that is impulsive action as measured with the five-choice serial reaction time task, seemed much more predictive of cocaine and nicotine drug intake patterns and the motivation to self-administer these drugs (Belin et al, 2008; Dalley et al, 2007; Diergaarde et al, 2008) . Taken together, this may indicate that impulsive action is mainly predictive of drug intake, escalation, motivation, and sensitivity to drugs, whereas drug seeking under extinction conditions, including relapse, may be more related to impulsive choice. In support of this and as outlined before, there is considerable neuroanatomical, neurochemical, and pharmacological evidence that impulsivity is not unitary (for reviews, see Evenden (1999) , Pattij and Vanderschuren (2008) , and Winstanley et al (2006) ). However, this distinction does not seem unambiguous. For instance, it was recently shown that impulsive action was Impulsive choice predicts cocaine seeking N Broos et al associated with certain aspects of cocaine seeking, such as the resistance to punishment after prolonged cocaine SA (Belin et al, 2008) , as well as increased sensitivity to reinstate cocaine-seeking under punishment (Economidou et al, 2009 ). Further research is required to elucidate the commonalities and relationships between impulsive action and choice.
Effect of Cocaine History on Impulsive Choice
During the course of the entire cocaine SA protocol, rats were trained in the DRT once a week, thereby allowing the assessment of shifts in baseline impulsive choice. When averaged across all animals, impulsive choice did not shift at any point during or after different phases of cocaine SA. Furthermore, an acute challenge with cocaine in this study (see Supplementary Material and Supplementary Figure 1) reduced impulsive choice in the DRT in HI and LI animals similarly, and this was not different in saline or cocaine SA rats. Finally, there was no difference in the effect of SCH-23390 on impulsive choice before and after cocaine SA (see Supplementary Material). Collectively, these findings imply that the frequently observed elevated levels of impulsive behavior in cocaine-dependent individuals (Coffey et al, 2003; Kirby and Petry, 2004; Verdejo-Garcia and PerezGarcia, 2007 ) are a pre-existing personality trait, and not merely a resultant from prolonged cocaine use. This observation is confirmed by a steeper discounting rate in both former and current cocaine users, in comparison with healthy controls (Heil et al, 2006) .
In contrast to volitional cocaine SA in this study, forced cocaine administration has been reported to increase impulsive choice in laboratory animals (Paine et al, 2003; Roesch et al, 2007; Simon et al, 2007) . Nevertheless, in this study, only a small subset of individuals, that is, LI animals with high cocaine intake (430 mg/kg cocaine per session), temporarily became more impulsive, and this shift in impulsive choice was particularly evident during the cocaine SA phase under continuous reinforcement. In HI animals, this change in impulsive choice was not observed, possibly due to a floor effect of the indifference point. Thus, the former finding suggests that volitional cocaine intake is associated with changes in impulsive behavior in LI animals, but only when drug intake is high. This is supported by recent work demonstrating that rats trained to self-administer 30 mg/kg cocaine per day for 2 weeks indeed were more impulsive in a comparable DRT when tested 3 weeks after withdrawal (Mendez et al, 2010) . The contrasting results between forced administration and our volitional cocaine SA approach could perhaps be attributed to differential neuroadaptations in these different administration methods (Jacobs et al, 2003; Winstanley et al, 2007) .
Effects of Cocaine Context on Impulsive Choice
We observed that exposure to the cocaine-associated context, and not the neutral, saline-paired context, reduced impulsive choice. As cocaine by itself reduces impulsivity in this task (this study ; Winstanley et al, 2007) , it is possible that rats anticipated cocaine and showed an acute cocainelike response to the context. This reduction of impulsive choice, induced by the cocaine context, was only observed in the first test immediately after the last cocaine SA session, and not in a re-test after long term (3 weeks) abstinence. The transient nature of this effect is puzzling and warrants further investigation. This observation is particularly interesting in view of observations that the propensity of cocaine-associated cues to provoke relapse increases over time, a phenomenon referred to as incubation of craving (Grimm et al, 2001 (Grimm et al, , 2002 ). This may not hold true for the effects of these cues on impulsivity, suggesting that different neurobiological substrates are involved in these processes.
Pharmacologically Induced Changes in Impulsive Choice and its Repercussions for Cocaine Relapse
To further examine the bidirectionality between impulsive choice and the propensity to reinstate cocaine-seeking behavior, and to investigate the treatment potential of relapse through a reduction of impulsivity, we directly compared the effects of different drugs known to modulate both phenomena in a within-subjects approach. Acute challenges with the clinically relevant drug, methylphenidate clearly decreased impulsive choice in the DRT. However, in the same individuals, methylphenidate robustly potentiated context-induced reinstatement of cocaine seeking. This latter observation is consistent with previous work demonstrating that methylphenidate reinstates cocaineseeking behavior in a SA paradigm (Schenk and Partridge, 1999) . In contrast to methylphenidate, the preferential dopamine D1 receptor antagonist SCH-23390 was found to increase impulsive choice, in line with earlier data (van Gaalen et al, 2006b; Zeeb et al, 2010) . In the same individuals, SCH-23390 attenuated context-induced cocaine seeking contrasting its effects on impulsive choice. Further correlation analyses revealed that these pharmacologically induced behavioral changes in each paradigm did not correlate. Interestingly, the effects of methylphenidate (Navarra et al, 2008) , SCH-23390 (van Gaalen et al, 2006a) , the serotonin2A receptor antagonist M100907 (Winstanley et al, 2003) , and the clinically prescribed noradrenaline reuptake inhibitor atomoxetine (Robinson et al, 2008) on impulsive action do match the directionality of their effects on reinstatement of cocaine seeking (this study ; Economidou et al, 2011; Nic Dhonnchadha et al, 2009 ). Therefore, it would be interesting to determine to what extent these drug effects on impulsive action and reinstatement to cocaine seeking would correlate in a similar approach adopted here. The current findings suggest that these behavioral phenomena are under differential neurobiological control, inasmuch as studied here with SCH-23390 and methylphenidate. Notably, in this study, only acute challenges with these drugs were investigated. Thus, in follow-up studies, it would be important to verify whether more prolonged administration of these drugs would affect the directionality of the effects. Nevertheless, our findings do imply that cocaine-dependent individuals may not benefit from methylphenidate to maintain abstinence and prevent relapse. This notion is supported clinically, as methylphenidate does improve measures of inhibitory control in cocaine-dependent individuals (Goldstein and Volkow, 2011; Li et al, 2010) , despite the observation that the clinical effects of methylphenidate on treatment retention in cocaine dependence are less pronounced (Castells et al, 2010) .
Human Implications and Concluding Remarks
The current observations demonstrate that trait levels of impulsive choice predict extinction resistance and the propensity to relapse, whereas transient changes in impulsivity do not correlate with relapse vulnerability. These observations are in line with the finding that ADHD and drug dependence often co-occur (Lynskey and Hall, 2001) , and that methylphenidate, improving clinical signs of ADHD, does not concurrently reduce drug craving or relapse to cocaine use (Schubiner et al, 2002) . The differences observed between trait impulsive choice and the acute treatment of impulsive choice further emphasize the importance of investigating the treatment potential of risk factors for drug dependence. Furthermore, these data suggest that rehabilitation programs aimed at acute, shortterm, reduction of impulsivity will not suffice to maintain treatment retention.
